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Introduction
Fuel cells are a rapidly developing energy technology which offers major advantages and a broad range of applications in stationary and mobile systems. Its concept lies in the conversion of chemical energy to electricity in a series of fuel cell types for which different reactants and operating conditions apply e.g. Solid Oxide Fuel Cells (SOFCs) and Proton Exchange Membrane (or Polymer Electrolyte Membrane-PEM) fuel cells. In all cases, it has been observed that, at certain operating conditions, parts of the fuel cells may behave as bottlenecks to the whole system's efficiency and even durability. Characteristic examples are the formation of "hot spots" or "flooding" in the gas diffusion layer of the PEM fuel cell. These phenomena primarily appear at the micro or pore scale of the involved materials and detailed in situ insight into the physical mechanisms is rarely possible. Notable exceptions are recent works involving neutron radiography [1, 2, 3] which implements the transparency to neutrons of common materials such as aluminium as opposed to the attenuating properties of hydrogenous materials, such as water. However, the cost and effort required for implementation of these techniques still justifies exploration of other approaches. The present study is one of the first appearing in the international literature where the geometry at the pore scale of the Gas Diffusion Layer (GDL) is included in a 3D numerical simulation of the flow and heat transfer in a PEM fuel cell.
Numerous works have dealt with the flow in PEM channels, at a macroscopic level, both experimentally and numerically. Grujicic and Chittajallu [4] found that the optimum PEM cathode geometry is associated with parameters which promote the role of convective oxygen transport to the membrane-catalystecathode interface, reduce the thickness of the boundary diffusion layer and lower the possibility for cathode flooding. Quan and Lai [5] have numerically studied the air flow in the cathode channel for various operating conditions with the channel geometry and air inlet velocity as parameters. They found that hydrophilic surfaces increase pressure drop and that two-phase pressure drop inside the air flow channel increases almost linearly with increasing air velocity. A similar study was conducted for various channel geometries by Kumar and Kolar [6] , who found that large values of channel heights lead to favourable conditions for flooding. Su et al. [7] have conducted studies concerning flooding in PEM fuel cell cathode channels, finding that flooding mostly occurs downstream in the serpentine inter-digitated structures and typically at the corners of the channels. This suggests that the design of the path of the flow field should be streamlined in order to decrease the corner effect. Nguyen et al. [8] presented a three-dimensional computational fluid dynamics model of a PEM serpentine flow channel which, along with a voltage-to-current algorithm, calculates convective and diffusive heat and mass transfer along with local activation overpotential. In terms of temperature effects and water management, Zong et al. [9] developed a water and thermal management model for PEM fuel cells comparing results from uniform and nonuniform stack temperature models while Khandelwal and Mench [10] calculated the temperature difference across the thickness of a PEM fuel cell's porous GDL. Water management has been an object of thorough research [11, 12] since it is crucial with regard to the performance of a PEM fuel cell. Most studies focus on the impact of the materials and operating conditions on the condensation phenomena taking place at the cell's cathode. Quick et al. [12] also quantified and modelled the vapour-water to air diffusion coefficients through experimental measurements and Siegel et al. [13] introduced a 3D model of the catalyst layer as an agglomerate instead of an homogenous material. There have also been a few experimental studies of the behaviour of water droplets on the surface of common GDL materials and in the channel under the influence of air flow [14, 15, 16] . However, most of the attention has been directed towards the formation of liquid water above the GDL and in the channel rather than the phenomena at the catalyst layer above the membrane and through the GDL. Finally, there have been attempts at experimental studies of the flow within fuel cell channels, such as the one by Yoon et al. [17] using PIV techniques, but their interest was again focused more on the 180 channel bends rather than the GDL itself.
In all of the cases mentioned above, the physical phenomena at the GDL were approached macroscopically, i.e. either by using the Darcy pressure drop relation as a source term in the momentum equations or by directly measuring macroscopic effects. Since the GDL is usually made of either carbon cloth or carbon paper, both being porous media that are considered to follow Darcy's law, this approach is acceptable but it provides limited insight regarding the details of the flow and temperature field inside the GDL. Only very recently have some publications appeared where the 3D geometry of the GDL microstructure is numerically reconstructed and included in the analysis. Mukherjee and Wang [18] and Kasula et al. [19] stochastically reconstructed a fibrous GDL from 2D electron microscopy while Innoue et al. [20] and Park et al. [21] modelled the GDL as randomly distributed straight cylinders.
The present effort continues in this direction by including a 3D model of the micro/pore-scale geometry of a portion of the PEM cathode channel and woven carbon cloth GDL in a 3D numerical simulation. This is the first time a woven carbon cloth is directly modelled at the pore scale as a part of a numerical study to parametrically investigate the heat and mass transfer induced under various operating conditions. The main objective is to make a connection between the pore scale geometry, the local heat and fluid flow and the condensation of water vapour that leads to flooding. Spatial discretisation is performed with a 3D unstructured tetrahedral mesh for both the gas phase as well as the solid fibres, in a conjugate solution of the temperature equation. The steady state momentum, continuity, energy and water vapour conservation equations are numerically solved using a SIMPLE-based algorithm. This is similar to previous work [22] where vapour phase transport was not considered and the effect of temperature and flow field could only be assumed. Quick et al. [12] , state that although capillary and/or convective liquid water transport may (and usually does) exist in the GDL, it is evaporation and water vapour transport that is the dominant transport mechanism. The focus of the present work is on the water vapour transport and it is shown that the representation of the pore scale structure combined with a computational fluid dynamics (CFD) solution of a representative portion of the macro scale geometry can be used to realistically simulate macroscopically observed characteristics. Numerical results are obtained with regard to channel pressure drop and convective heat transfer and their effect on heat and mass transfer within the porous GDL is evaluated. Parametric studies are performed concerning entrance flow velocity, fibre temperature (constant or variable through its solid interior) and fibre material properties. This provides pore scale details for comparison and a better understanding of the heat and mass transfer phenomena, including condensation potential.
Modelling approach
The heat and mass transfer through a portion of the cathode channel and the carbon cloth GDL of a PEM fuel cell is considered. Initially, a 3D geometrical model of the carbon cloth, including individual fibres, and the overlying cathode channel was created. The whole domain was spatially discretised with an unstructured tetrahedral mesh in order to directly solve the NaviereStokes and Energy equations, using boundary and operating conditions that will permit investigation of water condensation. The GDL is the part of a PEM fuel cell through which one of the reactants is convected and diffused from the channel towards the membrane and the catalytic substrate, where the reaction takes place (Fig. 1) . Here, the dimensions of the cathode channel were chosen according to relevant international literature ( [13, 23] ) and are denoted in Fig. 1b . PEM GDLs use either carbon paper or carbon cloth as the diffusing medium, taking advantage of their porous structure and chemical properties. The individual fibres of carbon cloths may be randomly strewn together or in the form of a well defined "knitted" structure [24] but this is not the case for carbon paper, whose topology is always random and difficult to be defined geometrically (Fig. 2) . The "knitted" carbon cloth local topology was the material of choice for modelling in this work.
For reconstructing the geometry of the cloth, periodic repetition of a unit fibre cell was assumed (Fig. 3 ) in order to give the fibre structure that was included in the computational model (Fig. 1b) . This unitary volume was initially created with the Wisetex software package for textile structure simulation [25] and then exported to a commercial 3D computer aided design (CAD) software in the form of a neutral file (IGES). The 4-fiber volume was scaled to dimensions that were in accordance with relevant measurements from a proprietary carbon cloth sample (Fig. 2b) . In the present study, the compression of the carbon cloth within the fuel cell assembly has been assumed uniform, neglecting compression variation due to the more significant forces acting under the lands of the bipolar plate. Although this effect has been documented in the literature [26] , including it here would have involved calculation of the structural deformation of the solid fibres, which goes beyond the scope of the study. However, rather than neglecting deformation altogether, it was assumed uniform across the cloth by taking the fibres' cross section to be elliptical thus accounting for tension between them and the overlying flow channel. The large axis of the elliptical fibre cross section was d ¼ 0.3 mm, the space between parallel fibres in the large axis direction was m ¼ 0.4 mm while the cloth's thickness, i.e. 2 fibres þ void space perpendicular to the large axis of the elliptical cross section, was Z th ¼ 0.38 mm (Fig. 3) .
The ratio of the void volume to the overall volume of a porous medium block is defined as the porosity 3 of this medium:
Actual cloth fibres are in turn made up of thinner fibres (Fig. 2b ) and thus have a porosity of their own. In the present approach, each fibre is considered solid with no flow through it and a fibre porosity value of unity, while a basic weaving structure is applied rather than a random overlaying of fibres. However, care has been taken to preserve the overall porosity of the present woven carbon cloth model at 3 ¼ 0.75, which is in accord with common GDL media porosity values of 0.6e0.9 [24] . Of course, this implies that transport through the GDL is only possible between and not through the model's fibres. The full computational domain and final structure included the fibres and the channel, leaving the appropriate void space in the cloth (Figs. 1b and 3c ). Based on the constraint that the overall porosity value is preserved, the major characteristics of the flow are expected to be relevant to the actual situation.
Solution of the flow field assumed steady state flow for the simulated operating conditions, so time derivatives are omitted from the equations presented. As far as the flow field is concerned, the NaviereStokes and continuity equations are solved, for incompressible flow:
is the velocity vector, (P) is static pressure, (m) is fluid dynamic viscosity and (r) is density, which varies depending on temperature alone. As the portion of the channel being studied is small, the conservation of mass does not take into account water vapour production and oxygen consumption along the computational domain. Reynolds number (Re) defines the kind of the flow field, since it gives a measure of the inertia forces to viscous forces ratio, thus characterising the field as laminar or turbulent. Here Re number is calculated based on hydraulic diameter (D h ): For the temperature field, the energy equation is formulated assuming constant specific heat (C p ) but actually allows for local variation by solving for the value of (C p T) instead of temperature alone:
where (T) is temperature, (k) is thermal conductivity and S 4 represents any possible heat source terms e.g. thermal source or due to viscosity. In the present case, viscous heat is negligible and there is no other heat generation, so S F ¼ 0. The above system of equations is volume averaged on the unstructured tetrahedral volume mesh and then solved using a SIMPLE-based methodology [27] . The finite volume method was used for discretisation with hybrid upwind differencing for the convection terms and second order central differencing for the diffusion and source terms. The code was not parallelised and convergence was assumed when equation residuals fell by at least three orders of magnitude and were also below 0.5% of incoming mass flow weighted values. For the case of the conjugate solution inside the fibres, the temperature at the common fibre-fluid boundary should be given by the equation [28] :
where T S-F is the temperature at the common boundary, T S is the temperature of the solid phase, T f is the fluid temperature and k s and k f the thermal conductivity of the solid and fluid respectively. Lastly, c is the ratio of the normal distance between the first mesh node and the solid-fluid boundary on the fluid (dy f ) and solid (dy s ) side (Fig. 4) :
Finally, mass conservation for water vapour is expressed through the equation of transport for water vapour concentration Y H2O [kg H2O 
where the index "gm" indicates gas mixture and the source term S H2O is the production rate of water vapour per unit volume. After volume averaging for the grid cell volume (V cell ). the source term becomes R
where _ m w is the water production per unit surface of catalyst-membrane layer and A surf is the surface of the grid cell volume in contact with the water producing layer. Results regarding water vapour are presented in the form of relative humidity (4), which determines proximity to saturation:
In (8), P W is the vapour partial pressure while P WS is the saturation pressure, both at the temperature of the mixture. Calculation of the saturation pressure as a function of temperature has been a subject of study for many years and numerous empirical correlations have been proposed for various temperature ranges. Bolton [29] suggests that P WS ¼ 611,10 7:5T Tþ237:3 (9) is acceptable except when extreme accuracy (>2%) is required at very low temperatures, in which case P WS ¼ 611,e 17:67T Tþ243:3 (10) gives an accuracy of 0.1% between À30 C and 35 C. In the previous equations, T is the temperature in C. There are high order polynomials [30] that can give better accuracy for a wider range of temperature values but for the present calculations, (9) was considered sufficient.
If the humidity ratio is defined as the ratio of the water mass and the dry air mass [kg H2O 
Assuming ideal gas behaviour, the mole fraction is equal to the ratio of partial pressure to total pressure and (11) gives: Further details and a concise analysis of basic psychrometric calculations can be found in [31] and [32] .
Since there is a local variation of the gas mixture quality i.e. due to humidity production, the values of mixture density, viscosity and specific heat appearing in eqs. (2), (4) and (7) are calculated based on the molecular weight and local humidity concentration. However, due to the short length of the computational domain, mass variations due to humidity production and oxygen consumption are neglected and therefore the equation of continuity (2) is applied for the whole mixture without any sources or sinks.
Boundary and operating conditions
For the computational domain shown in Fig. 1b , the flow is always in the x direction, the catalyst layer above the membrane is on the Z ¼ 0 plane, Y ¼ 0 and Y¼Y tot are symmetry planes and all other outer surfaces are solid adiabatic walls. Several researchers report operating conditions for PEM fuel cells [5, 33, 34] . In this study, all calculations were performed assuming a constant and uniform inlet air distribution with values ranging between U o ¼ 0.3 and 8.4 ms
À1
. Constant pressure boundary conditions were attempted, in order to simulate fully developed flow, but stagnation regions on the fibres just in front of the inlet led to convergence difficulties and the approach was abandoned. Other simplifications have also been applied here, most notably the adiabatic temperature boundary condition at the bipolar plateechannel interface. Defining the temperature field at the cathode channel walls has been a matter of discussion for some time and a variety of numerical approaches have been applied [35] , including constant temperature and constant heat flux conditions, which have been deemed inappropriate [36] . On the other hand, most experimental approaches strive to maintain a uniform temperature distribution, i.e. isothermal conditions throughout the cell [2, 3, 37] . Typically, the bipolar plates would include a cooling circuit but in order to accommodate this in the present approach, the cooling channels would have to be included in the solid region of the plates and they would have to be solved using the conjugate heat transfer approach. Given the extensive computational demand of directly modelling the carbon cloth itself, this was prohibitive. Alternatively, prescribing a constant temperature or heat flux at the plates would significantly, and questionably, affect the area under the lands of the bipolar plates. In effect, the current approach neglects the effect of the bipolar plate on the temperature field (not the flow field) in the channel and the GDL. This is a conservative assumption with regard to the scope of the study since lower temperatures of the plates would facilitate condensation.
With regard to the boundary condition for the energy equation at the catalyst layer, in reality heat is mainly generated due to thermodynamic irreversibilities. However, solving at the pore scale of the carbon cloth, local variations in these reactions should be taken into account and a variable heat flux would arise along the catalyst layer. Chemical reactions are not included in the present simulations and therefore a simplification of constant heat flux or constant temperature must be chosen. For the short channel length being simulated, a constant temperature boundary condition was considered sufficient for the present study.
Finally, another point worth mentioning in regard to the flow field is the fact that when multiple neighbouring channels are considered i.e. as part of a serpentine, it has been documented that certain flow conditions may lead to a by-pass of the channel and mixing of the flows in neighbouring channels [41] . This is, of course, an undesirable condition and understanding of the phenomenon is of value in order to avoid it but for its inclusion in a simulation of channel flow, at least two channels must be included in the geometry. This increases computational effort and has not been included in the present study.
After the topology of the computational domain was constructed, it was discretised with an unstructured mesh of 6.72•10 5 tetrahedral volume elements (Fig. 5) ), differences in calculated pressure drop per unit length were 1.77, 0.0, 0.08 and 1.02% in ascending order of the four grids' densities respectively, thus indicating mesh independency of the solution.
For heat transfer calculations, air inlet temperature was 293 K while the temperature at the catalyst layer was a constant 353 K. The inlet temperature is quite low for typical operating temperatures of a PEM fuel cell membrane [13, 23] but may be considered relevant to start up conditions, before normal operating temperatures are attained. Fibre temperature was either solved conjugately with the flow or assumed at the same constant temperature as the catalyst (T ¼ 353 K). In conjugate heat transfer solutions, spatial discretisation extended within the solid fibres (Fig. 5c) 
. These are within the wide range of effective thermal conductivities for typical carbon felts as documented by Ramousse et al. [38] . The thermal conductivity of graphite is much higher but the applied values are in accordance with the previously mentioned simplification that the fibres in the present model actually represent a composition of smaller fibres and therefore an effective thermal conductivity must be applied. The difference in axial and radial thermal conductivity has not been taken into account for the fibres and the larger value is expected to be closer to the actual fibre thermal conductivity [38] . Finally, although gravitational effects are included in the calculations, their effect is minor since the density driven buoyancy effects were found negligible compared to convection. The present calculations consider only heat and fluid flow for a very small portion of a typical cathode channel length. Water vapour production, gas flow rate and cell voltage and power are all related but since electrical phenomena are not included in the present calculation, momentum and mass transfer parameters were chosen so that they are in agreement with the relevant parameters of the whole fuel cell system. Therefore, with regard to water vapour production and transport, production per unit membrane area was assumed constant at _ m w ¼ 4. 
Since the pore scale simulation does not permit solving for the whole serpentine channel, a choice had to be made with regard to the values of relative humidity at the entrance of the computational domain. Larminie and Dick [40] state that the produced fuel cell power can be ideally expressed as : , the air ratio is l z 0.3e10. It is reiterated that the purpose of the previous analysis is to put the present calculations of a small portion of the cathode channel length into perspective with regard to the fuel cell to which it belongs. The lowest velocity value, which gives an airfuel ratio of l ¼ 0.3 for the 5 cm 2 fuel cell, is not realistic since it would lead to cathode starvation. However, for a smaller fuel cell with a shorter channel length, it would correspond to an air-fuel ratio above unity and so results will be presented for the U ¼ 0.3 ms À1 value, mostly for comparison purposes and to underline the effect of the flow velocity and momentum.
In agreement with the above mentioned values for air-fuel ratio and a typical total length of the cathode channel, the computational domain corresponds to a downstream portion of the cathode channel, where relative humidity levels have already risen to near saturation and are taken to be between 99 and 99.6%. Of course neither humidity nor velocity distributions will actually be uniform but, as will be shown in the results of the calculations, they do develop within a relatively short distance from the inlet so that reliable conclusions may be drawn.
Results
Initially, parametric studies were performed at isothermal conditions for a range of inlet velocities between 0.3 and 8.4 ms À1 , corresponding to laminar flow Reynolds numbers Re Dh ¼ 14e400. Since gravitational effects are negligible, the conclusions with regard to the flow field will not be influenced by the subsequent introduction of a temperature difference.
The non-dimensional pressure drop through the channel, expressed as the friction coefficient f ¼ D h DP=0:5rLU 2 , is higher by a factor of two compared to the well known f ¼ 64/Re law for laminar duct flow for all inflow velocity values except the lowest, which is in perfect agreement [28] . This is expected since the laminar duct flow law corresponds to the same channel configuration without the carbon cloth, whose presence obviously introduces an extra pressure drop and even more so at higher velocity values. Rawool et al. [41] made similar observations with porous transport layers of low permeability leading to higher pressure drop. A closer look at Figs. 6e8 supports this explanation. The higher inlet velocities force the flow through the carbon cloth where pressure drop is highest. The flow pathlines in Fig. 6 clearly show that for the lowest velocity value the flow quickly leaves the cloth fibre matrix and enters the channel while at higher velocities this is not as prominent. Contours of iso-velocity at two downstream planes perpendicular to the main flow direction are shown in Fig. 7 . Velocity is presented in non-dimensional form to aid in the comparison and it is clear that higher velocities lead to a more uniform flow, possibly because the pressure drop in the channel becomes comparable to that of the lower velocities in the cloth. Velocity profiles taken at a position in between the planes of Fig. 7 are presented in Fig. 8 where it is obvious that the non-dimensional velocity profile within the cloth becomes self similar and fully developed at a much lower velocity than the channel flow. These results are in agreement with those of Grujicic and Chittajallu [8] who found that increased oxygen transport to the catalyst/ cathode interface and reduction of the thickness of the boundary layer are prerequisites for optimum PEM cathode geometry and may help to minimise flooding. It is shown here (Figs. 6e8) that higher inflow velocities will facilitate this and should further help with the removal of the water vapour that is produced. The effect of temperature on fuel cell operation has been documented in the past for a large range of operating temperatures (303e353 K) [42] . Here, taking advantage of the fibre-scale simulation, the investigated parameters have been extended towards the effect of the cloth fibres' material properties. Although calculations have been performed for common inlet temperatures of T ¼ 353 K and T ¼ 333 K [43] , heat transfer results are presented for inlet temperatures equal to ambient (T ¼ 293 K) -a situation that Fig. 7 . Dimensionless velocity contours for various entrance velocities at (X/X tot ¼ 0.4) and (X/X tot ¼ 0.8).
will only arise during the transient start up periodein order to underline the effect. The base case has been that the fibres assume the same temperature as the catalyst (T ¼ 353 K) but conjugate solutions of the temperature field in the flow and in the solid fibres have also been performed for two different fibre materials.
The temperature field on the surface of the fibres and a plane midway along the channel (Y/Y tot ) is portrayed in Fig. 9. Fig. 9a shows the case when the fibre temperature is imposed equal to that of the catalyst (T ¼ 353 K) and Fig. 9b shows the same regions when the temperature field in the solid fibres is solved for ELAT material properties. The result shows much lower temperatures within the region of the GDL although the effect does not manage to reach the upper part of the channel in the length of the computational domain. However, the fibre temperatures seem to increase downstream so that, given a long enough channel, a situation resembling that in Fig. 9a may eventually be attained. In any case, the effect of the fibre material properties is evident within this developing region. This is better quantified in Fig. 10 where the mean air outflow temperature is presented for three configurations and a range of inlet air velocity values. The three configurations are: i) constant fibre temperature assumption (T ¼ 353 K), ii) conjugate temperature solution through fibre material assuming ELAT carbon cloth properties and iii) conjugate temperature solution through fibre material assuming pure carbon (graphite) properties. It is obvious that the conjugate solutions result in consistently lower outflow temperatures compared to the assumption of constant fibre temperature. Specifically, the commercial cloth properties (ELAT) lead to lower outflow temperature and are more sensitive to convective effects i.e. higher inlet velocities lead to larger temperature variations. In all cases however, an asymptotic state appears for high velocities, where convection can be considered dominant.
In Fig. 11 , the mean temperature on a plane parallel to the membraneeseparating the GDL from the channelehas been calculated for the two different fibre properties and a range of inlet velocities to give the temperature differences between the catalyst and the top of the GDL. Here, mean temperatures were calculated for both the fibre material in the plane as well as the whole plane (fibres þ air). From the present results in the region where flow is developing, temperature variation within the GDL seems to reach values >10e12 K while Khandelwal and Mench [10] expect temperature variations of 7e8 K in diffusion media of the present thickness. This may be explained by the fact that much larger lengths were examined there and is in agreement with Fig. 9 , where the temperature differences in the cloth are smaller as the flow progresses downstream. Based on psychrometric processes [31] and for the calculated mean flow temperature at atmospheric pressure, the humidity concentration values at which 100% relative humidity (i.e. potential condensation) is attained are plotted in Fig. 12 for a range of inlet velocities and the three fibre conditions (constant temperature, ELAT and carbon properties). The resulting difference of over 30% in the "condensing" humidity ratio for different fibre properties and the same flow velocity underlines the importance of the heat transfer mechanisms in the GDL.
During operation of a PEM fuel cell, the reaction taking place at the catalyst is assumed to produce water vapour and not liquid [40, 44, 35] . Following the numerical simulation of heat and fluid flow in the GDL, the final effort of this work focused on water vapour production, vapour mass transport and psychrometric interaction with the temperature field in an attempt to obtain indications of potential water vapour condensation. A range of inlet air velocities (0.3e4.3 ms À1 ), temperatures (293e353 K) and relative humidity (40e99.6%) values were applied while the two sets of properties (graphite and ELAT) were also considered for the fibres. Humidity production and temperature at the catalyst layer was assumed to be constant for all cases. As previously stated, the set inlet parameters may be thought of as representative of a downstream position in the fuel cell's serpentine channel. Fig. 13 presents iso-surfaces of 100% relative humidity (condensation front) below which condensation is predicted to have occurred. Phase change is not considered here so the condensation front is indicative of the region where condensation will form. The effect of liquid water on the flow cannot be predicted within the scope of this investigation. It is obvious however that higher inlet velocities will delay condensation since the inlet air flow penetrates the cloth and it takes longer for the locally produced water vapour at the catalyst layer to provide the extra humidity needed for saturation of the incoming air. Temperature has no effect here since the inlet air is assumed to be at the catalyst temperature. When lower inlet temperatures where examined, representative condensation situations could not be attained since the higher catalyst layer temperature heated the air giving lower relative humidity values for the same humidity ratio. However, it is obvious from Fig. 13 that higher inlet velocities help in removing water vapour from the GDL and therefore delay the development of condensation conditions. Velocity effects can be quantified using the effective diffusion coefficient [12] . Due to the presence of the carbon cloth as well as the convective effects of the flow through the channel, this does not represent diffusion alone but can be used to compare the effective transport of water vapour compared to pure diffusion. The effective diffusion coefficient is defined as [12] : 
where (r mix ) is the density of humid air, W is the humidity ratio, _ m H2O is the water production at the membrane and A cell is the membrane area in the computational domain. The denominator is actually the water vapour concentration gradient calculated from the mean concentration values at the membrane plane and the plane that defines the top of the cloth. Since water production is an imposed boundary condition in this work, the effective diffusion coefficient is actually solely dependent on the concentration gradient but it is interesting to compare it to the value of D air-vap ¼ 2.93•10 À5 m 2 s À1 given by Quick et al. [12] for water vapour in air at 60 C. Results are presented in Fig. 15 for various inlet velocities and at inlet temperatures equal to that of the catalyst, in order to include only the effects of the water production on the concentration gradient. Even at the lowest velocity values, vapour transport is increased compared to pure diffusion and as velocities increase, convective effects dominate and the effective diffusion coefficient increases significantly.
Conclusions
A 3D model simulating the pore scale topology of PEM cathode channel and GDL, including the carbon cloth structure has been presented. Heat and mass transfer have been solved for a range of inlet velocities as well as different cloth fibre material properties, using a conjugate heat transfer approach. Water vapour production at the catalyst layer is included in the calculations and its transport through the GDL is combined with psychrometric calculations to provide indications of the conditions and areas most prone to condensation i.e. where liquid formation originates.
In its present state, the numerical model is not in a position to provide for simulations of a PEM fuel cell's performance; indeed, there are a number of physical mechanisms missing: anode geometry, membrane, bipolar plates and cooling system, larger serpentine channel geometry, electrochemical phenomena etc. The study is an attempt to look at the pore scale heat and fluid flow phenomena in the GDL, while taking into account the fact that it belongs to a larger system. However, the computational effort that has been put into the pore scale has necessarily put some limitations on the modelling effort e.g. inclusion of the bipolar plates would be relatively simple with conjugate heat transfer but it would greatly increase both memory and computing time requirements. Also, modelling for voltage-current production and chemical reactions for a larger portion of the fuel cell channels may be too demanding computationally.
However, the results from the heat and mass transfer simulation may provide important insight for use in simpler models of the whole system. It has been shown that the assumption of constant GDL temperature as well as the choice of GDL material properties has a significant effect on the prediction of condensation and/or hot spot formation. Furthermore, the details of the heat and fluid flow interaction with local geometry, which determine where saturation first appears may aid in the channel geometry design procedure.
